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Abstract Alzheimer’s disease (AD), affecting
nearly 6.5 million people, is the fifth leading cause
of death in individuals 65 years or older in the USA.
Prior research has shown that AD disproportional-
ity affects females; females have a greater incidence
rate, perform worse on a variety of neuropsycho-
logical tasks, and have greater total brain atrophy.
Recent research has linked these sex differences to
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neuroimaging markers of brain pathology, such as
hippocampal volumes. Specifically, research from
our lab found that functional connectivity from the
hippocampus to the precuneus cortex and brain
stem was significantly stronger in males than in
females with mild cognitive impairment. The aim of
this study was to extend our understanding to indi-
viduals with AD and to determine if these potential
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sex-specific  functional connectivity biomarkers
extend through different disease stages. The resting
state fMRI and T2 MRI of cognitively normal indi-
viduals (n=32, female=16) and individuals with
AD (n=32, female=16) from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) were analyzed
using the Functional Connectivity Toolbox (CONN).
Our results demonstrate that males had a significantly
stronger interhemispheric functional connectivity
between the left and right hippocampus compared
to females. These results improve our current under-
standing of the role of the hippocampus in sex dif-
ferences in AD. Understanding the contribution of
impaired functional connectivity sex differences may
aid in the development of sex-specific precision med-
icine for improved AD treatment.

Keywords Alzheimer’s disease (AD) - Sex
difference - Hippocampus - Functional connectivity

Introduction

The National Institute of Health estimates the preva-
lence of Alzheimer’s disease dementia (AD) in indi-
viduals 65 years or older in the USA is approximately
6.5 million, and this number is projected to increase
to 13.8 million by the year 2060. AD is the most com-
mon form of dementia and, in addition to behavioral
changes, significantly deteriorates individuals’ cog-
nitive abilities including impaired memory retrieval.
AD is currently the fifth leading cause of death for
those older than 65 years living in the USA [1, 2].
The study of AD is critically important, not only
because the disease causes a significant loss of func-
tion but also because the cost of caring for an individ-
ual diagnosed with AD during the last 5 years of life
has been estimated at $287,000 [3]. People with AD
experience a duality of brain lesions; plaque deposits
between the neuronal cells in the brain that are com-
posed of amyloid beta (AP) and aggregated tau pro-
teins forming neurofibrillary tangles (NFT) nested
inside neurons [1, 2]. Importantly, disrupted connec-
tion between neuronal populations fundamental for
higher order cognitive processing and memory have
been implicated. Network studies have shown that
AD has global brain connectivity differences, and this
pathology is not equally distributed, but preferentially
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affects specific hub areas [4, 5]. Specifically, selective
disruption has been found in the posterior and parietal
hubs, left temporal centrality, and the hippocampus
(6,71

AD disproportionately affects females, as the
prevalence of AD is two-thirds higher in women than
men [1, 2]. Additionally, compared to males with AD,
females perform worse on a variety of neuropsycho-
logical tasks and have greater total brain atrophy and
temporal lobe degeneration [8—10]. This difference
has been attributed to a variety of sex-specific fac-
tors including genetics (such as the presence of the
“X” chromosome [11]), hormonal differences and
menopause, and hypertensive disorders of pregnancy
[12—-15]. This disproportionate risk of AD in females
has also been linked to sex differences in known risk
factors, such as age, depression, education level,
sleep differences, and genetics (such as apolipopro-
tein E4 [16]) [14, 17]. These sex differences can be
observed throughout AD disease stages, including
the pre-clinical phase of AD. It has been shown that
cognitively normal females with elevated amyloid
beta had higher cognitive decline compared to males
with the same level of amyloid beta [18]. Addition-
ally cognitively normal females have a higher deg-
radation in fractal motor activity regulation, which
is correlated with preclinical AD amyloid and tau
biomarkers [19]. Recently, research has revealed
that brain imaging markers may also be a contribut-
ing factor in sex differences, specifically related to
the hippocampus [20]. The damage demonstrated in
the AD brain initially occurs in the entorhinal cortex
and hippocampus, areas of the brain largely impact-
ing cognition, particularly memory. Individuals diag-
nosed with early AD or mild cognitive impairment
(MCI) have a reduction in their hippocampal volume,
combined with microhemorrhage [21, 22]. Addition-
ally, hippocampal atrophy has been found to be sig-
nificantly faster and affects the progression of AD
only in females [23, 24]. Researchers have also sug-
gested males have a higher degree of brain resilience
because of higher anterior cingulate cortex amyloid
load and glucose hypometabolism in the precuneus,
posterior cingulate, and inferior parietal cortex [25].

These findings led researchers in this laboratory to
study sex differences in the functional connectivity
of the hippocampus to the rest of the brain in indi-
viduals with MCI. We previously demonstrated that
connectivity from the hippocampus to the precuneus
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cortex and brain stem was significantly stronger in
males than in females [26]. The aim of this study was
to extend this to individuals with AD, to determine
if these potential sex-specific functional connectivity
biomarkers extend through different disease stages.
Using a similar protocol to our previous research
[26], the purpose of our current study is to investigate
what differences exist in the functional connectivity
of the hippocampus to the rest of the brain in indi-
viduals with Alzheimer’s disease.

Methods
Data source

The data for this study were extracted from the
ADNI [27], which is a publicly accessible data-
set available at http://adni.loni.usc.edu. Launched
in 2003, ADNI is a longitudinal, multi-site, cohort
study, led by principal investigator Michael W.
Weiner, MD. The original study, ADNI-1, has been
extended three times and the database contains sub-
ject data from ADNI-1, ADNI-GO, ADNI-2, and
ADNI-3. The overall goal of the studies was to
evaluate whether serial magnetic resonance imag-
ing (MRI), positron emission tomography (PET),
other biological markers, and clinical and neuropsy-
chological assessment can be combined to measure
the progression of mild cognitive impairment (MCI)
and early Alzheimer’s disease (AD). For up-to-date
information, see http://www.adni-info.org.

Participant selection

The data were filtered for participants with AD. Par-
ticipant selection was limited to those with data col-
lected from resting-state functional magnetic reso-
nance imaging (rs-fMRI) and 3.0-T T2 magnetic
resonance imaging. To maximize the sample size,
participants were selected from any visit of ADNI-1,
ADNI-GO, ADNI-2, and ADNI-3. A similar search
methodology was applied for cognitively normal
(CN) participants. The screening resulted in a total of
19 AD females, 16 AD males, 33 CN females, and 25
CN males. To balance the number of participants in
each group, 16 of each group were randomly selected

for the study. Demographics of AD participants are
provided in Table 1; some participants did not have
all demographics in the database.

Analysis of functional connectivity

The participant’s original rs-fMRI and MRI
images (NiFTI format) were imported into the
NITRC Functional Connectivity Toolbox (CONN)
version 20b [28]. CONN utilizes SPM12 (Wel-
come Department of Cognitive Neurology, UK)
and MATLAB R2020a (MathWorks, Natick, MA,
USA) in its processes and by default a combina-
tion of the Harvard—Oxford atlas (HOA distrib-
uted with FSL http://www.fmrib.ox.ac.uk/fsl/)
[29-31] and the Automated Anatomical Labeling
(AAL) atlas [32].

The images were processed through the default
functional and structural preprocessing pipeline
as detailed by Nieto-Castanon [33]. This included
realignment, slice timing correction, coregistra-
tion/normalization, segmentation, outlier detection,
and smoothing. Additionally, this step extracted
the blood-oxygen-level dependent (BOLD) time
series from the regions of interest (ROIs) and at the
voxels. Next, the images were denoized to remove
confounding effects from the BOLD signal through
linear regression and band-pass filtering. A quality
assurance check was made after the denoizing to
ensure normalization and that there were no visible
artifacts in the data.

A seed-to-voxel analysis was conducted for each
participant. This analysis created a seed-based con-
nectivity (SBC) map between the ROI (left or right
hippocampus) to every voxel of the brain. The SBC
map is computed as the Fisher-transformed bivari-
ant correlation coefficients between the ROI BOLD
time series and each individual voxel BOLD time
series [34]. The mathematical relationship to con-
struct the SBC is

[ Se.HR@)dt
(f Ryt [ S2(xndn)'
Z(x) = tanh™ ' (r(x))

r(x) =

where R is the average ROI BOLD timeseries, S is the
BOLD timeseries at each voxel, r is the spatial map
of Pearson correlation coefficients, and Z is the SBC
map of the Fisher-transformed correlation coefficients
for the ROI.
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Table 1 AD participant demographics

ID Sex  Age ApoE genotype ~ MMSE GD Scale  CDR FAQ NPI-Q
S001 F 71.9 €3 e4 - - - - -
S002 F 74.4 €3 ¢€3 - - - - -
S003 F 68.9 €3 e4 18.0 1.0 1.0 19.0 2.0
S004 F 60.7 €3 ¢€3 - - - - -
S005 F 75.5 e3e4 24.0 - 1.0 15.0 7.0
S006 F 73.7 e3 ¢4 15.0 1.0 1.0 26.0 3.0
S007 F 58.8 eded 18.0 7.0 1.0 25.0 10.0
S008 F 81.8 e3¢e4 23.0 1.0 1.0 21.0 4.0
S009 F 77.8 e3 ¢4 22.0 2.0 0.5 14.0 9.0
S010 F 74.2 eded 26.0 0.0 0.5 6.0 5.0
S011 F 75.9 eded 23.0 2.0 1.0 20.0 2.0
S012 F 56.5 €3 e4 26.0 1.0 1.0 16.0 2.0
S013 F 87.2 e3 ¢4 19.0 0.0 1.0 28.0 2.0
S014 F 62.8 €3 ¢€3 - - - - -
S015 F 74.9 - - - - - -
S016 F 73.6 e3 ¢4 16.0 0.0 1.0 20.0 5.0
S017 M 60.7 e3¢€3 - - - - -
S018 M 72.8 e3e4 16.0 2.0 1.0 20.0 7.0
5019 M 717.1 e3ed 25.0 3.0 1.0 20.0 2.0
5020 M 74.3 e3¢€3 - - - - -
5021 M 68.8 €2 €3 - - - - -
5022 M 71.9 €3 €3 22.0 3.0 1.0 23.0 7.0
5023 M 76.9 e4 g4 25.0 1.0 0.5 2.0 0.0
5024 M 79.6 €2 €3 21.0 2.0 0.5 9.0 1.0
S025 M 75.9 €3 e4 21.0 1.0 1.0 26.0 4.0
5026 M 76.6 e4 e4 21.0 4.0 1.0 20.0 14.0
5027 M 66.6 - - - - - -
5028 M 75.1 e4 g4 23.0 1.0 2.0 22.0 12.0
S029 M 71.6 €3 e4 24.0 3.0 1.0 14.0 2.0
S030 M 83.0 €3 e4 22.0 1.0 0.5 6.0 1.0
S031 M 80.0 €3 e4 23.0 1.0 0.5 9.0 1.0
S032 M 73.9 g4 e4 24.0 2.0 1.0 18.0 3.0
Female u+SD 72.8+94 — 20.6+3.9 1.5+21 09+0.21 195+64 44+3.0
Male u+SD 76.2+35 — 22.3+25 20+1.0 09+042 157+78 45+4.6
Between sex r-tests P=0.372 - P=0.329 P=0.085 P=0.740 P=0.265 P=0418

Statistical analysis

IBM SPSS (IBM Corp., Armonk, NY, USA) was
used to run independent t-tests on the available
AD participant data to ensure there was not a sta-
tistically significant sex difference in age, the Mini
Mental State Examination (MMSE), the Geriat-
ric Depression (GD) Scale, the Global Clinical
Dementia Rating (CDR), the Functional Activities
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Questionnaire (FAQ), and the Neuropsychiatric
Inventory Questionnaire (NPI-Q) (p > 0.05). If nor-
mal distribution could not be assumed based on the
Shapiro-Wilk test, a non-parametric Mann-Whitney
test was performed.

F-tests were conducted between the SBC maps
to compare differences between groups. Female AD
SBC maps were compared to female CN SBC maps;
this was repeated for the male participants.Female
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Table 2 Functional

o . Groups ROI Brain area (atlas) % atlas covered  # of voxels
connectivity differences
within the hippocampus FAD vs. FCN  Right hippocampus ~ Right hippocampus*  47% 331
Left hippocampus 0% 0
Left hippocampus Left hippocampus* 53% 524
Right hippocampus 2% 13
MAD vs. MCN  Right hippocampus ~ Right hippocampus*  76% 527
Left hippocampus* 20% 155
Left hippocampus Left hippocampus* 68% 514
Right hippocampus*  31% 216
FAD vs. MAD Right hippocampus ~ Right hippocampus*  70% 489
Left hippocampus* 14% 105
Left hippocampus Left hippocampus* 67% 507
Right hippocampus*  20% 140
FCN vs. MCN Right hippocampus  Right hippocampus*  80% 557
Left hippocampus 12% 90
*Indicates that the area Left hippocampus Left hippocampus* 75% 571
is large enough to be Right hippocampus*  19% 132

statistically significant

AD versus male AD maps and female CN versus
male CN were also compared. For a cortical area to
be considered significantly different between SBC
maps, the toolbox used the Gaussian random field
theory parametric statistics, with a cluster thresh-
old p<0.05 (FDR-corrected) and voxel threshold
p<0.001 (uncorrected) to control the type I error in
multiple comparisons [35]. Due to the small size of
the voxel, to reduce differences attributed to noise,
the area must be over 100 voxels large or cover more
than 80% of a given atlas (specific brain area) to be
considered significant. These regions of statistical dif-
ference from SBC maps were then highlighted on a
template brain.

Results

Table 1 displays AD participant demographics with
statistical analysis to ensure there were no significant
differences in covariates.

The left and right hippocampi atlases were the
only brain regions identified to be significantly dif-
ferent between all comparisons. Table 2 displays the
amount of area of the atlas that was different when
the right and left hippocampus were selected as the
ROI with stars on areas that were large enough to be
considered statistically significant. For visualization
for each sex between AD and CN, this data is addi-
tionally displayed in Fig. 1.

Fig. 1 Functional con-
nectivity differences within 76%
the hippocampus in AD for 527 voxels
each sex
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Between sex, in the diseased state (FAD vs. MAD)
and the controls (FCN vs. MCN), and between
healthy and diseased for each sex (FAD vs. FCN and
MAD vs. MCN) when the right and left hippocam-
pus were selected as the ROI, the functional con-
nectivity throughout the right and left hippocampus,
respectively, had a significant between-group differ-
ence. Additionally, there was a significant sex differ-
ence within the disease (Fig. 2), and for the controls
(Fig. 3) to the right hippocampus when the left hip-
pocampus was selected as the ROL.

The regions that had a sex-specific difference
between healthy and diseased were the left and right
hippocampus when the right and left hippocampus
were selected as ROI, respectively. In AD, males
showed significantly stronger connectivity between
the right and left hippocampus. This difference is
shown visually by comparing boxes A and D in
Figs. 4 and 5.

Discussion

This study supports the hypothesis that there are sex
differences in cortical pathophysiological biomarkers

in AD. Specifically, it expands the current under-
standing of hippocampal communication, demon-
strating that there is a sex difference in interhemi-
spheric functional connectivity between the left and
right hippocampus.

Previous comprehensive studies have demon-
strated disconnection deficits of interhemispheric
cortical pathways are associated with AD [36-39].
In particular, these studies have found that func-
tional interhemispheric hippocampal connectivity is
decreased in Alzheimer’s compared to controls [40,
41]. This difference may be a direct decrease or there
may also be in compensatory pathways between the
two hippocampi. As research has shown that there is
a generation of maladaptive compensatory mecha-
nisms associated with AD [42, 43]. However, the
differences found in previous studies have not, to our
knowledge, been extended to sex-specific differences.
This finding may in part be a contributory factor in
the observed worse neuropsychological task perfor-
mance seen in females.

Unlike our previous study with MCI subjects [26],
the functional connectivity between the hippocampus
and precuneus cortex or the brain stem did not appear
to be different between sex in AD. The precuneus

Fig. 2 Sex-differences in
Alzheimer’s disease in the
hippocampus. Highlighted
display the statistically
significant cortical regions
between female Alzhei-
mer’s disease (AD) and
male AD (p<0.001). A-C
Results with the right hip-
pocampus selected as ROI.
D-F Results with the left
hippocampus selected as
ROI

Left

A) Female Top View

Anterior

Posterior

D) Male Top View

Anterior

Right Right

Posterior

B) Female Left View |C) Female Right View | E) Male Left View

F) Male Right View
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Fig. 3 Sex-differences in
controls in the hippocam-
pus. Highlighted display the
statistically significant corti-
cal regions between female
cognitively normal (CN)
and male CN (p <0.001).
A-C Results with the right
hippocampus selected as
ROIL. D-F Results with the
left hippocampus selected
as ROI

Fig. 4 Sex-specific
pathological features with
right hippocampus as ROI.
Highlighted display the sta-
tistically significant cortical
regions between Alzhei-
mer’s disease (AD) and
cognitively normal (CN)
(p<0.001). A—-C FAD vs.
FCN; D-F MAD vs. MCN

A) Female Top View

Anterior

Posterior

D) Male Top View

Anterior

Posterior

B) Female Left View

C) Female Right View

E) Male Left View F) Male Right View

A) Right Hippocampus ROI Top

View

Anterior

D) Left Hippocampus ROI Top

View Anterior

Posterior

Posterior
B) Right Hippocampus ROl | C) Right Hippocampus ROI | E) Left Hippocampus ROI F) Left Hippocampus ROI
Right View

Left View

Right View

@ Springer



570

GeroScience (2024) 46:563-572

Fig. 5 Sex-specific
pathological features with /
left hippocampus as ROL View
Highlighted display the sta-
tistically significant cortical ‘
regions between Alzhei- |
mer’s disease (AD) and |
cognitively normal (CN)
(p<0.001). A-C FAD vs.

FCN; D-F MAD vs. MCN
Left

A) Right Hippocampus ROI Top

Anterior

Posterior

D) Left Hippocampus ROI Top
View

Anterior

Right Left

Posterior

Left View

B) Right Hippocampus ROl | C) Right Hippocampus ROI | E) Left Hippocampus ROI
Right View

F) Left Hippocampus ROI

Left View Right View

cortex, specifically, has been shown to be related to
the prodromal stages of AD [44, 45]. The precuneus
cortex is known to exhibit early brain atrophy and
is considered a vulnerable region for the transitional
stage between MCI and dementia [46]. Therefore, it
may be that the hippocampus-precuneus cortex func-
tional connectivity is only a biomarker of MCI. This
finding may provide rational for the use of the pre-
cuneus cortex as good target for tailored sex-specific
intervention, such as non-invasive brain stimulation
(NIBS) [47, 48], to decrease the progression of MCI
to AD.

While this research provides preliminary findings
on sex differences in functional connectivity of the
hippocampus in AD, the small sample size (n=64) is
a limitation. Therefore, future work includes increas-
ing sample size in a larger database. While the data-
set uses clinical measures to define AD, the dataset
lacks biological markers to confirm the pathology.
Additionally, the communication of the left and right
hippocampus is facilitated by the dorsal hippocampal
commissure (DHC). The DHC is a white matter tract
crossing the midline beneath the corpus callosum,
providing interhemispheric connection between tem-
poral lobe regions [49]. This tract has been suggested

@ Springer

to play a key role in memory, particularly recognition
memory [50]. Therefore, a future work could explore
if there is sex difference in the integrity of this tract
in AD. Furthermore, studies such as these could be
enhanced by expanding functional connectivity from
other regions of interest for AD in addition to the hip-
pocampus and combining aforementioned risk factors
such as cognitive reserve or genetic differences to
explore potential connections.
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